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SeptemBer 1,1973
The objectives of the Engineering Program are (1) applied research in problem
areas related to the extraction of energy from geothermal resources, and (2)
planning, design, and specification of a research-oriented, environmentally-
acceptable geothermal power plant. Work is progressing currently on four of
the tasks originally proposed:
Task 3.1
Task 3,2
Task 3,6.1
Task 3.6.2
Well Test Analysis
Ghyben-Herzberg Lens Dynamics
·Heat Exchanqer
and Binary-Fluid Cycle Design
Optimal Hot Brine Plant Design
This report summarizes the timetable (A) for each task, the progr€~s made to
date (B), and the future work planned (C).
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TASK 3.1
WELL TEST ANALYSIS
A. Timetable
B. Progress to Date
C. Future Work
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A. Time tab 1e
~1ay 19, 1973
June-Ju1y-August, 1973
July-August, 1973
August 31, 1973
December 31, 1973
December 31, 1974
December 31, 1975
December 31, 1976
Task 3.1
Well Test Analysis
1. Research on gas and petroleum well test
analysis
1. Research on the nature of a geothermal reservoir
and geothermal well testing
1. Initiation.of an international survey on the
state of Geothermal Reservoir Engineering
1. Further research on reservoir and well test
. analysis
2. Preliminary analysis of international survey
1. Research on the construction of a geothermal
reservoi r mode1
2. Preliminary system design of a physical model
3. Further research on geothermal reservoirs and
well testing (with Geophysics)
4. Investigation to detel~mine vJhether a typical
Hawaii geothermal reservoir is an open or a
closed system
5. Completion of analysis on international survey
1. Completion of initial phase of the fabrication
of the physical rr,odel and initiation of laboratory
simulation studies
2. Selection of necessary software and hardware for
geothermal reservoir engineering
3. Development of a method of two-phase flow analysis
1. Analysis of laboratory simulation ru~s and
correlation with computer model
2. Modification of physical model
3. Purchase of hardware necessary for well testing
and depending on the availability of a geothermal
well possibly run tests
4. Test s0ftware methods associated with well test
'analysis .
1. Analysis of well test data
2; Projection of reservoir performance
'.
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B. Progress to Date
. A question of great interest to a geothermal reservoir engineer is
whether a geothermal reservoir is a closed or an open system. Although, as
in thermodynamics, the nature of a system can be defined as either, depending
on the boundary selected, there seen5 to be a more fundamental contention at
issue.
There are two prominent camps at each antipode. The reasoning of one group
is that a geothermal reservoir must be an open system because isotopic studies
have shown that a significant portion of the geothermal fluid is of meteoric
(rainwater) origin.
The second group is of the opinion that the laws ot nature and mathematics
restrict usable geothermal reservoirs to closed systems. These reservoirs
became entrapped through either chemical precipitation or some other geological
phenomena. Henry Ramey has calculated the actual heat recharge rate of the Big
Geysers reservoir to be only 0.6%, with fluid recharge being zero.
The extremely poor heat conduction characteristic of rock generally precludes
hot magma as the dominant recharging source in a standard operating geothermal
reservoir. On the other hand, extraordinary convection rates have led to
speculation that cooled magma, or hot rock, with high permeabilities (fractured
or otherwise), could in effect be the secondary medium from which heat is
transferred. In other words, there is a slowly receding magma boundary from
which hot permeable rock is created, allowing for fluid convection.
Task 3.2 will computer model an evolving geothermal system to test the open
or closed nature of a geothermal reservoir. Extensions of this initial model
will eventually be made to predict reservoir location and well performance.
The knowledge of the nature of a reservoir is necessary for more confident and
accurate prediction of well performance.
While studies are being undertaken to determine the nature of a geothermal
reservoir, parallel work will be accomplished in physically modelling a geothermal
reservoir and in assessing the availability of hardware and software required
for well testing and analysis. Equipment and techniques will be assayed for
vapor, hot-water and two-phase flow.
A preliminary investigation has resulted in the following alternatives:
1. Negotiate a contract with Schlumberger, New Zealand personnel, or a
less experie:~ced firm like Rogers Engineering.
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2. Buy the equipment and either arrange for external temporary assistance
or develop a training program.
The parameters requiring measurement in a geothermal reservoir engineering
study are:
1. Permeability--not of the microscopic rock, but of the macroscopic
system; that is, fractures will most probably dominate over vesicular or
layer formations in determining permeability.
2. Temperature
3.. Pressure
4. Fluid composition
5. Flow rate
6. Porosity--to obtain fluid volume
7. Other downhole data (casing condition, scaling, etc.)
The literature abounds with the hardware necessary for measuring these
parameters. At this time it appears that the most recommended hardware includes
a clockwork mechanism Amerada RPG gauge for pressure, geothermograph for
temperature, and a separator with orifice meters for two-phase flow measurements.
Injection rate is measured for permeability, and laboratory analysis can determine
fluid composition and porosity.
With the following statement, Alex Muraszew perhaps best captures the state-of-
the-art of geothermal reservoi r engineeri ng: "....with the present s tate-of-the-
art, neither the capacity of the reservoir nor its longevity can be accurately
predicted." Although the methods of analysis used in the petroleum and gas
industries cannot be naively applied to geothermal systems the principles of
petroleum reservoir engineering for single-phase liquid flow can be applied with
certain modifications to hot water geothermal reservoirs. In the same manner,
there is a kind of one-to-one analogy for the gas industry and vapor dominated wells.
Unfortunately, it is appearing that the majority of the geothermal reservoirs,
includlng those projected for Hawaii, will be steam flashed, or two-phase. Two-
phase well analysis is an extremely challenging and fruitful area for research.
In summary, the types of bngoing software and analytical work include:
1. Estimation of subsurface flows and permeabilities from temperature,
pressure and flow data.
2. Reservoir simulation.
3. Well log analysis.
4. Prediction of downhole conditions through geochemical methods.
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The prediction of size, underground energy content, and rate of fluid removal
of a geothermal reservoir uses a combination of geophysical log runs (dual
induction latet'olog, sonic, density, gamma ray), drill core samples, flow tests,
and the selected software method in a programmed manner. A major responsibility
of Task 3.1 will be to insure that this phase of the project is conducted in an
optimal manner.
C. Future Work
The literature survey on geothermal reservoir engineering will be completed
by August 31, 1973. By this date, a preliminary analysis can be made on the
international questionnaire campaign.
By December 31, 1973, a literature survey should be well in progress on a
physical model to simulate a geothermal reservoir. Personalized communication
will continue to be pressed forth to obtain information on the software and
hardware associated with geothermal well tests and analyses. The seemingly propri-
etary nature of this area will somewhat constrain activity. Some preliminary statement
will hopefully be made on whether a Hawaii goethermal reservoir is open or closed
system. An analysis of the latter survey should be forthcoming. Finally, by the
end of 1973, a system design of a proposed physical model will be in full swing and
obviously required laboratory compoents will be ordered.
By August 31, 1974, the design of the physical model will be completed and
fabrication will have commenced. The nature of the Hawaii geothermal reservoir will
be hypothesized. A comprehensive study into two-phase flow wellhead performance
prediction methods will have been started.
The end of 1974 should see the beginning of laboratory simulation studies. It
is expected that the initial model will be one where the cross-sectional investiga-
tion regime (hot saline water in porous media) will be bounded by an impermeable
layer with heat source at the bottom, an ocean/permeable rock interface at one end,
a symmetry-assumed permeable rock intArface at the other, and free surface on top.
The second phase of modelling will tie-in with the Ghyben-Herzberg lens of Task 3.2.
The hardware necessary for geothermal reservoir engineering will be selected and
some decision will be made on the software techniques available. Tt might be
necessary to develop the software for two-phase analysis.
By the end of 1975, analysis of laboratory simulation runs and correlation with
the computer model (Task 3.2) will have been attempted. The results should enable
this task to modify the physical model and interface with phase two, the Ghyben-
Herzberg lens model. A decisio~ will also be made on the software methods best
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suitable for a Hawaii geothermal reservoir--one or more each for vapor, liquid,
and two-phase flow. It is expected that more developmental work will be necessary
for accurate prediction of two-phase wellhead conditions. The hardware necessary
for well-testing will be ordered.
The year 1976 will surely be one where active well testing will ensue. The
data will be analyzed and reservoir performance will be predicted.
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TASK 3,2
GHYBEN~HERZBERG LENS DYNAMICS
A Timetable,
B, Progress to Date
C, Future Work
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A. Timetable
August 15, 1973
December 31, 1973
December 31, 1974
December 31, 1975
Task 3.2
Ghyben-Herzberg Lens Dynamics
1. Survey of literature on the Ghyben-Herzberg lens
dynamics with emphasis on coning and steady flow with
heat source below
2. Survey of literature on building a physical model to
simulate the Ghyben-Herzberg lens system
1. Formulation of the convection problem for a rectangular
porous region
2. Finite Difference solution of the convection problem
for a rectangular region
3. Formulation of the coning problem
4. Completion of a preliminary design of the physical model
to simulate the Ghyben-Herzberg lens
1. Completion of the solution of the coning problem
2. Completion of the finite element solution of the
convection problem for an irregular region
3. Completion of the fabrication of the physical
model
4. Formulation of the problem with source and sink with
heating from below
1. Completion of the solution of the problem with source
and sink with heating from below
2. Completion of laboratory simulation of the geothermal
process with source and sink
3. Completion of the laboratory simula.>..:ion of the coning
problem
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B. Progress to Date
The aim of this task is to predict the performance of geothermal wells
under different conditions, and to study the environmental impact of the geo-
thermal system, especially the stability of the Ghyben-Herzberg lens due to the
extraction of a fluid from a sink below it. The results of these studies will
aid the selection of a viable well-site. Specifically, we shall address
ourselves to the following questions:
1. What is the heat transfer and fluid flow characteristics of geothermal
systems on the island of Hawaii?
2. What is the life span of a geothermal well under different conditions?
3. What is the capacity of a particular geothermal well?
4. What is the minimum depth of a geothermal well so that fresh water
would not cone downwards to the well?
5. What is the effect of recharging on the performance of a geothermal well?
During the last three months an extensive literature survey has been conducted.
We have identified the following two problems as the initial phase of the work:
1. Free convection in a coastal aquifer with geothermal heating from below,
2. Coning of fresh water and salt-water interface in a coastal aquifer.
The mathematical formulation of the first problem has been completed. The
formulation of the second problem is now in progress. In the following, we shall
discuss in some detail the progress made in these two problems separately.
Free Convection in a Coastal Aquifer with Geothermal Heating from Below
Considerable amount of work has been done on convective heat transfer in a
porous medium in the past two decades. For example, the criterion for the onset
of free convection in a porous medium bounded by two parallel isothermal plates at
different temperatures was predicted by Horton l and Rogers and by Lapwood2. Similar
analysis was performed by Katto and Masuoka3 who also confirmed the prediction
experimentally. For the case of a semi-infinite porous medium, the, onset of free
convection was studied by Woodihg4 Finite difference solutions for temperature
and velocity distributions in a porous medium bounded by isothermal walls were
given by Waoding5, Chan et a1 6 , Donaldson 7,8, as well as by Holst ana Aziz9. The
effects of a non-isothermal well on free convection in a porous medium was
considered by ElderlO . The related problems of combined free and
- 14 -
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forced convection in a porous medium were treated by Pratt11 as well as by
Combarnous and Bia~2 Recent1y~ the more complicated problem of free convectior.
in a porous medium where density val~iations are due to both thermal expansion
and solute concentration~ has attracted considerable attention. For examp1e~
the onset of free convection was treated by Nie1d13~14 and by RUbin~5 while finite
difference solutions for temperature and velocity distribution were obtained
by Henry and Kohout16 who studied the problem of waste'disposa1.
The geothermal system in Hawaii can be represented as an unconfined
coastal aquifer heating from below as shown in Fig. 1. It has been speculated
that as a result of heating~ a warm column of brine will rise and penetrate
the fresh water lens. After mixing with fresh water it flows seaward again to
form a large geotherma11y heated convective flow cycle. After an extensive
literature search, it became apparent that no published work has been done on
free convection in a coastal aquifer from the geothermal point of view~
although the work by Henry and Kohout16 is closely related to the problem.
We now turn to the mathematical formulation of the problem. To simplify
the situation~ the following assumptions are made:
1. The flow field is steady and two-dimensional.
2. The variations of salt concentration are ignored.
3. The temperature of the fluid is too low corresponding to its saturated
temperature for boiling to take place.
5. Density is assumed to be constant except in the bouyancy force term.
6. Fluid properties such as thermal conductivity~ specific heat~ kinematic
viscosity~ and permeability are assumed to be constant.
7. Ocean is at rest; i.e. ~ the effects of tides are neglected.
The governing equations after these approximations are given by
au av
-+-= 0,
ax ay
K ap
u' =
II ax
(1)
(2)
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v = ~ (~+ pg) (3)
(4)
(5)
where u, v are velocity comppnents, p the density, K the permeability, ~ the
viscosity, p the pressure, T the temperature, a the diffusivity, 6 the
coefficient of thermal expansion, and g the gravitational acceleration. The
subscript s denotes the condition in the ocean.
As a first approximation, we shall assume a rectangular aquifer as
shown in Fig. 2. The boundary conditions are given by
~ (0 y) = 0 , (6)ClX . ,
~~(O,y) = 0 , (7)
p( ,Q"y) = Pa + psg(h - y) , (8)
T( ,Q"y)
= Ts ' (9)
p(x,h) = Pa ' (l0)
T(x,h) = Tl , (11 )
*"( x, 0) = - ps[1- 6(To-Ts )]g, (12)
T(x, 0) = To(x). (13 )
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Boundary condition (12) follows directly from Equations (3) and (4) for v=O.
Since boundary conditions are in terms of p and T, we shall eliminate U,V,p
from Equations (1) through (5) and express the resultant equations in terms
of p and T. Thus we have
2 24- + 4 = P 9pdT ,
dX dY~ s ay
(14 )
d2~, + d\2~, + X_ QJ2 dT + L {2R + p gIl
dX dy CQl ax ax a~ ay s $(T - T )J} 1L = o.s ay (15 )
It is convenient to express Equations (6) to (15) in dimensionless form.
For this purpose, we introduce
p - pp = __.::..a
X_X, '
- n y = *'
T - T
e - s ,
- - T' ;..T
o s
(16 )
Equations (14) and (15) in terms of dimensionless variables are
~2p ~2p ~8
o 0 R 0- ,
;'X2 + 8y2 = a aY (17)
(18 )
p gSK(T - T )h
where R ~ s 0 s
a ~a
p Kgh
is the Rayleigh number and 0= s which is
a~
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lid' h b II by Elder Boundary conditions (6) to (13) are~alled the lSC arger num er .
given by
2.f. (Ot Y) -- 0,
ax
ao (O,Y) =
ax
P(l,Y) = 0(1 ~ Y),
0(L~Y) = 0 ,
p(X, 1) = 0 ,
0(X.l) = 01 '
ap (x, 0) = ~D + Ra '
aY
e(x • 0) = eo (X) ,
T- T
h e - 1 swere -1 -
T ~ T
o s
(19 )
(20)
(21)
(22)
(23)
(24 )
(25)
(26)
(27)
e(xJ -
o
Equations (17) and (18) are a set of coupled non-linear partial differential
equations of elliptic form. Numerical solutions to these equations with boundary
conditions (19) through (26) can be obtained by standard finite difference methods.
The resulting set of algebraic equations can be s01ved by iteration t that is,
solving for P in Equation (17) by assuming values for 0. With the nodal
values of P thus obtained, Equation (18) will be used for the solution of
nodal values of e. It is anticipated that numerical results for this problem
will be available by December t 1973.
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A more refined analysis taking into account the irregular geometry on the
basis of finite element method is currently under investigation. This aspect
of the problem will be completed before the end of 1974.
Coning of Fresh Water and Salt-Water Interface in a Coastal Aquifer
The problem of upconing was studied by Muskat17 for the case of brine
intrusion into oil wells. The same problem was later considered by Meyer and
Garder,18 and by Kidder19 using different analytic techniques. The similar
problem of upconing of sea water in a fresh water well was considered by
Dagan and Bear20 theoretically, and confirmed by Schmorak and Mercado2l in
their field investigations.
The related prpblem of salt water intrusion in a coastal aquifer without
a sink or a source was considered by Glover~2 The shape and location of
steady state interface was obt~ined by Henry~3 whereas the corresponding
transient problem was considered by Bear and Dagan?5 as well as by Shamir
and Dagan~6 In all of these studies, the assumption of interface is employed.
This assumption has greatly simplified the problem since the fluids on either
side of the interface can be assumed to be incompressible. Recently, the
movement of the salt water front including the effects of dispersion was
considered by Pinder and Cooper~7 However, the related problem of coning
including the effects of dispersion has never been attempted even for isothermal
conditions. The formulation of this problem is now in progress.
C. Future Work
During the next quarterly period the following will be completed:
1. Computer solution of the simplified model of free convection in a
coastal aquifer with geothermal heating from below,
2. Expansion of the model· to approximate more closely geological conditions
on the island of Hawaii,
3. Completion of the formulation of the coning problem and initiation of
its solution.
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A. Timetable
September 30, 1973
December 31, 1973
March 30, 1974
June 30, 1974
Task 3.6.1
HEAT EXCHAi1GER Ai~D BINAP.Y-FLUID CYCLE DESIGN
1. Heat Exchanger Research-literature search and survey
of state of the art
2. Binary-Fluid Cycle Research-literature seatch and
survey of the art (acquisition of tables of properties
of likely candidate secondary fluids)
1. Heat Exchanger Research-decisions as to characteristics
of heat exchanger to b2 studied in detail
a. heat exchanger configuration (shell and tube, cross
'flow, long tube counter flow, or reboiler)
b. tube orientation (vertical or horizontal)
c. tube arrangement (in-line or staggered)
d. kind of tube (bare or finnea)
e. whether hot brine or secondary fluid is to be
circulated inside the tubes
2. Binary-Fluid Cycle Resear:h-identification of the
principal parameters to be considered
1. Heat Exchanger Research-detailed design of a test
heat exchanger and ordel~i ng of equi PIl1P \,t
2. Binary-Fluid Cycle Researcn-completion of digital
computer programming
1. Heat Exchanger Research-initiation of construction of
heat exchJnger and test set-up
2. Binary-Fluid Cycle Research-update program as heat
exchanger specifications are made more detailed and
study of effect of insertion of auxiliary equipment
on cycle efficiency with an eye toward improving·
cycle efficiency
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B. Progress to Date
During the first quarter efforts were directed toward a survey and review of
the pertinent literature covering the last fifteen years in order to ascertain the
current state of the art of power generation using secondary (low boiling point)
fl ui ds.
1.
2.
The particular categories of interest surveyed were:
Thermodynamic and transport properties of candidate fluids (1-3*)
These properties and the means of computing them are generally
available in the open literature. However, as most of these fluids are
manufactured for use in refrigeration cycles, properties at the higher
pressures and temperatures are sketchy. Empirical equations of state
have been proposed and correlate fairly well but the stability of these
fluids at high pressures and temperatures must be scrutinized more
closely. Where property values are not available in the literature,
they are being requested from manufacturers.
Heat transfer and pressure drop characteristics of heat exchangers (4-29)
Much of the research on boiling in the open literature is confined
to heat transfer from single tubes. (Of more direct applicability
would be boiling heat transfer from tube bundles but it appears that much
of this desired information is proprietary to firms manufacturing heat
exchanger equipment.) Available are correlation equations for:
a. boiling heat transfer coefficients from the outside of single
horizontal tubes and the critical heat flux,
b. nucleate boiling inside tubes; experimental data show that the
heat transfer coefficient is independent of tube orientation,
c. annular flow during boiling heat transfer,
d. mist flow regime during boiling.
A check to find the accuracy of the equation for critical heat flux was
made using experimental data for propane. The calculated value was
within 10% of the experimentally obtained value.
In applying these single tube correlation equations to bundles of
vertical tubes, the diameter of a single tube will be replaced by the
equivalent hydraulic diameter of the cross-sectional area of flow
outside the tubes.
When horizontal tube bundles are considered, it is more difficult to
apply single tube correlation equations. The effects of bubble agitation
* Numbers in parenthesis designate references on pages 20-22.
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and bundle configuration (in-line or staggered) are not well known and
correction factors to account for these parameters must be determined.
There seems to be a significant amount of information on pressure
drop during two-phase flow. The relative value of the correlation equations
available have yet to be determined.
3. Scale formation; its effect on heat transfer and means of controlling (30-35)
Current practices in the control of scale formation are being studied;
viz., the effect of various parameters such as pressure, temperature, fluid
velocity, and concentration on the rate of scale deposition. A more
intensive study will be made after preliminary analysis of well water
composition becomes available.
4. Secondary f1 ui d power cycles. (36-41)
Motive power generation using a secondary fluid has seen limited
application thus far. Among the better known examples are the Paratunka
geothermal plant in Kamchatka, USSR, and the exhaust heat recovery system
at the Japan Gas Chemical Mizushima plant. These are first generation,
simple Rankine power cycles designed especially for a single specified
heat source.
Other theoretical analyses of simple Rankine cycles using different
working fluids have been made and these show that ideal thermal
efficiencies will probably be in the 20-30% range. Of interest are
the existence of minimum values as well as maximum values of efficiencies
for various turbine inlet conditions. While these analyses indicate
general trends, there is a need for a more systematic analysis of means
of improving cycle efficiencies. Among these possibilities are the use
of reboiler and the flashing of the available hot brine before using it to
vaporize the secondary fluid.
C. Future Work
Based on the background information studied thus far, during the coming
quarter, broad design information will be obtained on the following items:
1. Hot brine circulated inside or outside tubes,
2. 3are or finned heat exchanger tubes,
3. Spacing and configuratio~ of tubes (vertical or horizont~l, in-line, or
staggered arrangement) within bundle,
4. Effect of agitation by bubbles on heat transfer and pressure drop on
- 26 -
upper rows of tubes if horizontal configuration is used,
5. 'Means of calc~lating average heat transfer coefficient and pressure
drop in the event multiple boiling mechanisms (nucleate, film, annular,
mist boiling) are present in the tube bundle,
6. Use of modifications of the basic Rankine cycle as various combinations
of brine temperatures and working fluids are used,
7. Specification of pressures and temperatures within modified Rankine
cycles.
- 27 -
TASK 3,6,1
References
1, Bird, R, B" Stewart. D" and Lightfoot, E, N~, IITransport Phenomena,"
John Wiley and Sons, Inc" copyright 1960,
2, Bolz, R. E, and Tuve, G. L.. "Handbook of Tables for Applied Engineering
Science," The Chemical Rubber Co" copyright 1973,
3. "Technical Data Book ~ Petroleum Refining,lI American Petroleum Institute,
copyright 1966,
4~ Tong, L, S., "Boiling Heat Transfer and Two Phase F1ow,II John Hiley and
Sons t Inc: (New York), 1965,
5, Bergelin, 0, P" Brown, G. A" and Doberstein, S. C." IIHeat Transfer and
Fluid Friction during Flow across Banks of Tubes ~ IV (A Study of the
Transition Zone between Viscous and Turbulent F1oVl),1I Trans, ASr1E Vol. 74,
p, 953, 1952,
6, Berge1in, O. P., Brown, G, A., Hull, H. L., and Sullivan, F, H., "Heat
Transfer and Fluid Friction during Viscous Flow across Banks of Tubes - III
(A Study of Tube Spacing and Tube Size)," Trans, ASME, Vol, 72, p. 881, 1950.
7, Castellana, F. S., and Bonilla, C. F., "Two Phase Pressure Drop and Heat
Transfer in Rod Bundles,1I Symposium on Two Phase Flow and Heat Transfer in
Rod Bundles, Los Angeles, 1969.
8. Cichelli, M. T., Bonilla, C. F" "Heat Transfer to Liquids Boiling under
Pressure,'1 Trans. AICh£., Vol. 41. 755, 1945.
9, Kreith, F., II Principles of Heat Transfer,'1 International Textbook Co.,
copyright 1965.
10, Lavin, J, G, and Young, L H., "Heat Transfer to Evaporating Refrigerants
in TV/o Phase Flow," AIChE., Journal, Vol. 11, p. 1124-1132, Nov. 165.
11. Lienhard, J. H.• and Watanabe, K., "On Correlating the Peak and Minimum
Boiling Heat Fluxes with Pressure and Heater Configuration,'1 Trans, ASME,Ser.C,
Vol, 88, p. 94-100, Feb, '66,
12. Palen, U. W., Yarden, A,,. and Taborek, J., IICharacteristics of Boiling
outside Large Scale Horizontal Multitube Bundles," Third International
Heat Transfer Conference, Vol, 4, Aug. 7-12,1966.
13, Grillo, P, and Mazzone, G., IISingle and Two-Phase Pressure Droos on a
6 x 6 Rod Bundle at 70 Atm,," Nuclear Technology, Vol, 15, p. 25-65,
July '72,
14. Barbe, C., Roger, ::J., and Grange, A., "Two-Phase Flow Heat Exchangers
and Pressure Losses in Spool-Wound Exchanger Shells )" Pipeline and Gas
Journal, Vol, 199, p, 82-87, Sept '72,
- 28 -
15, Andecson, R. J ~ and Russell, T. W. F ~ ~ IIDes i gni n9 for Two-Phase Flow -
Part I, II, IIl,1I Chemical Engineering, Dec, 6, 1965, p. 139-144, Dec
2°, 1965, P: 79- 104, Jan, 3, 1966, P: 87 - 9a:
16, Naussbaum, 0: J" "Determination of Heat Transfer Coefficients for Boiling
Halocarbons inside Horizontal Tubes,1I ASHRAE Journal, July '67, p, 59-60.
17, DeGance, A, L, and Atherton, T.W" IITransfering Heat for Two-Phase Systems,
Part 311 , Chemical Engineering, May 4,1970, P: 113-120,
18, frost, C, W, and Li, K, H" liOn the Rohsenow Pool-Boiling Correlation,1I
Tran.. ASME, Ser. C, Vol. ~3, p. 232-4, May '71
19, Slipcivic, B•• IIHeat Transfer to Boiling Fluorocarbon Refrigerants,1I ASHRAE
Journal, Vol. 12, p, 65~8, June '70~
20, Blatt, T. /'i. and Alt, R. R. Jr., IIAn Experimental Investigation of Boiling
Heat Transfer ann Pres~ure-Drop Characteristics of Freon 11 and Freon 113
Refrigerants,1I AIChE, VallO, n. 3, p. 369-73, ~1ay '64.
21. Damilova, G. N.and Kupriyanova, A. V., IIBoiling Heat Transfer to Freon C318
and 21,11 Heat Transfer-Soviet Research, Vol, 2, n, 2, p. 79-83, March '70~
22. Damilova, A, N" IICorrelation of Boiling Heat Transfer Data for Freons,"
Heat Transfer-Soviet Research. Vol, 2, n, 2, p. 73-78, March '70.
23. Raliani, G. V" and Azaliani, D~ V., "Heat Transfer to Boiling Refrigerants
12-22," ASHRAE Journal, VoL 5, p~ 53-55, Dec, 163~
24, Pichel, W., "Generalization of Experimental Data for the Heat-Transfer
Coefficient in Nucleate Boiling," ASHRAE Journal, Vol, 8, p. 74-6, May '66.
25, Johston. R. C. Jr, and Chaddock, J. B., "Heat Transfer and Pressu're Drop
of Refrigerants Eveporating in Horizontal Tubes," ASHRAE Journal, Vol. 6,
p, 91-92, May '64,
26. Min, T, C., Fauski, H. K., and Petrick, M.• IIEffect of Flow Passage on
Two-Phase Critical Flow," Industrial and Engineering Chemistry F',mdamentals
Vol, 5, n,l, p. 50-55, Feb '66.
27. Pierre, B., "Flow Resistance with Boiling Refrigerants-Part I, lI,lI ASHRAE
Journal Vol, 6, n, 9 and 10, Sept. '64, PP, 58-65, Oct. '64. pp, 73-77.
28, Rhee, B. W., and Young L H" "Heat Transfer to Boiling Refrigerants Flowing
inside a Plain Copper Tube," 14th National Heat Transfer Conference, Atlanta,
Georgia. Aug. 5-8, 1973,
29. Purcupile, J. C. Riedle, K.• and Schmidt, F. K., "Experimental Investigation
of Boiling Heat Transfer in Evaporator Tubes-Vertical Flow," 14th National
Heat Transfer Conference, Atlanta, Georgia, Aug, 5-8, 1973.
30, Hasson, D•• Avriel, M., Resnick, W" Rosenman, T" Windreich. S., " ~1echanism
of Calcium Carbonate Scale Depostion on Heat Transfer Surfaces," Industrial
and Engineering Chern.' Fundamentals, Vol. 7, n, 1, p, 59-65, Feb, '68,
- 29 -
31. Kern, K~ Q~ ~ "Heat Exchanger Design for fouling Service," Chemical
Engineering Progress, Vol: 62, n, 7, p, 51-56, July '66,
32. Chandler, J, L" "The Effects of Supersaturation and flow Conditions on
the Initiation of Scale Formation," Trans, Instn~ Chemical Engineers.,
Vol, 42, p, T24-T34~ 1964.
33. Reitzer, Br J,. 'IRate of Scale Fonnation in Tubular Heat Exchangers,"
Industrial and Engineering Process Design and Development, Vol, 3, n, 4,
p. 345-348, Oct, '64,
34. Taborek, J" Anki, T" Ritter, R. B. Palen, J. W~, and Knudsen, J. G.,
"Fouling: The Major Unsolved Problem in Heat Transfer," Chemical Engineering
Progress, Vol, 68, n, 2, p. 59-67, Feb, '72,
35, Troscinski, E, S. and Watson, R. G, "Controlling Deposits in Coolin9-Water
Systems," Chemical Engineering, M3rch 9, 1970, p, 125-132,
·36. Misra, L. N., "Prospects of Power Plant Cycles Using Refrigerants", ASHRAE
Journal, Jan~ 172,
37, Holt~ B, HutChinson, A. J. L" and Cortez, D. H.. "Advanced Binary Cycles
for Geothermal Power Generation", lOth Annual Technical Meeting of AIChE,
Southern California Sestion, April '73,
38, Ichikawa, S., "Use of Fluorocarbon Turbine in Chemical Plants", Chemical
Economy and Engineering Review, October 170.
39. Hassan, K. and Shournan, A. R., "Steam-Refrigerant Binary Power Cycles'l,
Paper 73-1PI-JR-14, ASf\1E Industrial Pm'fer Conference, Louisville, ky , May
40, Schubin, B, F., "Experimental Freon Geothermal Power Station,"
Elektricheskiyestantsii, No.5, 1967.
41. Angelino, G, and Moroni, V., "Perspectives for Waste Heat Recovery by
Means of Organic Fluid Cycles," Paper 72-WA/P~~R-2, ASME Winter Annual
Meeting, New York, Nov, 172, .
- 30 -
'73.
I
f
I
I
I,
f
TASK 3.6.2
OPTIMAL HOT BRINE PLANT DESIGN
A. Timetable
B. Progress to Date
C. Future I'Jork
- 31 -
A. Ti!'!etable
December 31, 1973
April 30, 1974
December 31, 1975
Task 3.6.2
Optimal Hot Brine Plant Design
1. Compilation of a list of characteristics of the major
components of pmver pl ants, therma 1 properti es of
fluids
2. Completion of heat balances
1. Completion of specification of engineering data required
for well site location
1. Completion of a conceptual design of a prototype research
pl~nt and assist a mechanical elgineering contractor to
complete the final design
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B. Progress to Date
A Survey of Plants in Operation
The convecting fluids which carry the heat from reservoirs to the surface
usually consist of steam, liquid water, various dissolved solids and gases in a
wide range of temperature and pressure. Because of non-uniformity of the fluid,
the methods of using geothermal energy for power production differ from one
plant to another. The current methods have been surveyed and are summarized as
follows:
1. Non-condensing steam plant (Fig. 1). Steam from wells is sent through
a cyclone separator and admitted to the turbines which exhaust to the atmosphere.
The non-condensing plant requires minimum amount of auxiliary equipment and is
readily adaptable as a portable unit. These units permit their use at varying
inlet pressure without excessive sacrifice of efficiency, enabling accommodation
to changing output characteristics of wells or a study of the steam field while
under exploitation. The units, as used in Italy, range from 500 to 6,000 kw.
At the Bagnores area in Lardarello in 1958, the steam contained more than 90 per-
cent of carbon dioxide, the power required to remove carbon dioxide from condensing
steam would be larger than the gain in power output by using condensers. In two
years the gas content was down to 30 percent, but the additional cost of a
condensing unit still cannot be justified.
2. Condensing steam plant (Fig. 2). This type of plant is suitable for
steam with gas content up to 8 to 10 percent. At the Geysers, California, the
natural steam contains about 1 percent gases. There is an optimum operating
pressure for each plant since the wellhead pressures decrease with increased rate
of steam production while the available energy of steam decreases with the
decreased pressure of steam. The Geyser's plants operate at 100 psia at the
inlets of turbines, and the shut-off pressure of wells is around 475 psia. The
power output per pound of steam increases with the degree of vacuum to which
steam can exhaust. Higher vacuum requires larger condensers, larger gas removers
for condensers, lower temperature of cooling water and larger quantity of cooling
water circulated through condenser. For each installation, there is an optimum
pressure of condenser, for example, 1.5 in. Hg at Wairakei, New Zealand, 2-1/2 in.
Hg for some Italian plants and 4 in. Hg at the Geysers. Since the problem of
contamination of condensate in a conventional steam plant does not exist in a
geothermal plant, surface type of ~ondensers are not required, If the natural
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source of cold water is not available, a cooling tower may be installed for the
conservation of cooling water. In Ha\'~aii, if the site of the plant is located near
the beach, there should be a considerable economic advantage by using sea water
as cooling water.
3. Condensing plant using secondary steam (Fig. 3). The steam is used to
heat the secondary steam in a heat exchanger, and the secondary steam operates in
a closed cycle for power generation. This type of plant can be economical in
power production for steam with 10 to 15 percent of gas content, and provides an
opportunity for the recovery of chemicals from the non-condensable gases.
4. Condensing turbines using flash steam (Fig. 4). The liquid~dominated
field is filled with compressed hot water that does not become steam until the
pressure is released. A general belief is that liquid~dominated fields may be
20 times more abundant than vapor-dominated field. In hot and shallow reservoirs
such as those in Wairakei, the well is self-producing and a mixture of hot steam
and liquid water emerges from wells by natural forces. The steam can be fed
directly to the turbines, and the liquid water may be used to produce flash
steam. The number of liquid-vapor separation stages can be more than two, depend-
ing upon the economical justification. The mixed-pressure turbines are built
with separate inlets for steam at two or more different pressures and with suitable
control mechanisms for each inlet. The thermal efficiency of the multi~stage
plant can be as good as the binary cycle plant described in the following paragraph.
Through the research efforts of engineers with the Ministry of Works, New Zealand,
sufficient information is now available for the efficient design of this type of
plant. (1)
5. Binary cycle plant (Fig. 5). The possibility of using a fluid such as
Freon or isobutane as the working fluid has been well explored. (2) Small Freon
plants have been built in Japan. San Diego Gas and Electric Company is testing
a 9 mwisobutane plant at Imperial Valley, California. Owing to the properties
of Freon or isobutane, the cycle opera~es at supercritical pressur~ even at a
temperature of 350°F or above; and thus the Rankine efficiency can be very
satisfactory. The efficiency of isobutane turbines has been claimed to be about
10 percent higher than that of steam turbines at the same rating. One of the
great advantages of isobutane or Freon systems over steam systems is that the
construction of the turbines is light and simple. The capital cost of isobutane
plant excluding the wells, field piping and electric transmission lines is estimated
to be $200 to $300 per kw of capacity, which is very close to the cost of large
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fossil fuel plants. The capital cost of the plants using natural steam at the
Geysers is about one half of that of isobutane plant. Since the heat from
reservoirs is free, the geothermal plant can afford a budget of $250 to $300
per kw capacity for field development cost. San Diego Gas and Electric
Company is not sure yet how much the geothermal power produced by the
isobutane system will cost. At present, it might be higher than power from
fossil or nuclear plants. Since the geothermal plants are still in the early
development stage, research will present great potential for cost reduction.
Superheating Geothermal Steam
In a conventional plant, good practice requires that the maximum moisture
content of the exhaust steam from a turbine be limited to about 10 to 12
per cent. The presence of moisture reduces the engine efficiency and causes
the erosion of turbine blading. Because of the corrosive nature of geothermal
fluid, the problems of moisture in turbines become even more serious in a
geothermal plant, in which all the wetted parts are always made of stainless
steel or other corrosive-resistant materials while the dry parts may be made
of carbon steel which is not appreciably corroded by the dry geothermal
steam. By superheating the steam with a conventional fossil-fuel superheater
as shown in Fig. 6, it is possible to have dry exhaust steam.
Heat balances indicate that the overall thermal performance can be much
improved for simple plant with nearly saturated steam from the wells. For
illustration, the heat rate of fossil power and the quality of exhaust steam
for a 15 mw simple plant as shown in Fig. 6, have been calculated and plotted
in Fig. 7. It shows at 400°F superheat that the heat rate of fossil power"
are comparable to the heat rate of modern central power plant and that the
moisture contents are less than 3 per cent. Both the heat rate and the quality
of exhaust steam can be further improved by increasing the degree of superheat
to more than 4000F; however, the price of the turbines will increase by another
step if the throttle temperature is over 750°F because of the materials of
construction. The fixed charge of fossil power from a geothermal plant should
be much lower than that from a conventional power plant since the superheater
is the only additional equipment.
For the sample calculations, the combined turbine-mechanical and generator
efficiency was assumed to be 97%. The turbine efficiencies were estimated
according to the information given by Pollard and Dre~ry of General Electric
Company (3). The basic efficiencies are given in Fig. 8, based on 1.5 in. Hg
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back pressure and 2000 F superheat. For a 15 mw plant that operates at 100 psig
throttle pressure and 2.5 in. Hg back pressure, the turbine efficiencies and
the steam rates are as follows:
Degree of superheat, of a 50 100 200 300 400
Turbine efficiency, % 0.737 0.746 0.752 0.768 0.780 0.791
Steam rate, lb/kwh 17.00 16.43 15.76 14.48 13.26 12.18
The heat rate of fossil power and the enthalpy of exhaust steam wel'e determined
by the following equations:
Heat rate of fossil power Btu/Kv/H =. (power produced Rer l~ saturated
steam - power produced per 1b superheated steam ) + ( 2 - 1 ) =
boiler efficiency
1/3413 (turbine efficiency x isentropic work per lb saturated steaw - turbine
effi ci ency x i sentropi c \'1ork per 1b superheated steam) ( h2 - 1 )
boiler efficiency
where hl and h2 are enthalpies of steam entering and leaving the superheater.
Enthalpy of exhaust steam = h2 - turbine efficiency x isentropic work ~
combined turbine - mechanical and generator efficiency.
Applying Fossil Energy to Condensing Plants which use Secondary Fluid
The efficiency of an engine may be increased by supplying heat at a higher
temperature, and the maximum operating temperature is usually limited by the
materials used for the construction of the engine. Since the geothermal fluids
from wells exist at a temperature much below the maximum permissible temperature
(around 1,200oF) of steam for a conventional plant, it is of interest to inves-
tigate the effect of heating the geothermal fluids with fossil fuel upon the
efficiency of a geothermal plant. The preliminary calculations indicate there
could be an economical gain in some cases. For example, Fig. 9A is a condensing
plant using secondary steam at 2 in. Hg back pressure. Assuming the turbine
efficiency to be 75 per cent, the work per lb of steam is 225 BTU. If the
working pressure and the temperature are increased to 680 psia and 6000 F
respectively, by using fossil fuel as shown in Fig. 9B, the work per lb of
steam is increased to 295 BTU. Assuming the boiler efficiency to be 70%, the
heat input from the fossil fuel is 133 BTU per lb of steam. Thus, the effici-
ency of converting fossil energy to power is (295-225)/133 = 52.6%, which is
far above the thermal efficiency of modern power plants. Some calculations
have been done for binary cycle plants with fossil heaters. Since the
secondary fluid such as isobutane in a binary cycle operated at supercritical
pressures, the efficiency of converting fossil energy to power is much lower
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than that for a condensing plant using secondary steam. Investigation in using
fossil fuels to upgrade the overall plant efficiency will continue.
Using Deep Ocean Water as Cooling Water
In Hawaii, the average temperature of seawater is 8l oF at the surface,
and 4l oF at a depth of 1,600 ft. For a geothermal plant near the sea, the cost
of using sea water as cooling water in a condenser is likely to be lower than
the cost of recycling the cooling water through a cooling tower. Assuming the
back pressure of a steam turbine is 2.0 in. Hg for a plant using the surface
sea water as cooling water, the back pressure could be lowered to 0.5 in. Hg
with the same design of the condenser if the cooling water is taken from the
deep ocean. The effect of temperature on cooling water on turbine output is
illustrated in Fig. 10. Since the isobutane turbines have higher efficiencies
than the steam turbines, the gain in power output of an isobutane plant should
be more impressive than that of a steam plant. It is intended to expand the
study on extracting more energy from geothermal fluids by taking advantage of
deep ocean water.
C. Future Work
The collection of information on currently-operating geothermal plants
will be continued. Special emphasis will be placed on areas and characteristics
which are applicable to Hawaii. Data needed for making a decision on the
selection of a well site will be obtained a:ld will include information such
as well diameter, casing, pumps, etc. The brief studies of the use of deep
ocean water as a coolant and the possibility of fossil fuels to upgrade overall
plant efficiency will be continued.
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